This work evaluates the changes in radiative properties of two decomposing carbonaceous porous materials, each composed of two semi-transparent, homogeneous and isotropic phases. The understanding of the complex dependence of macroscopic optical behaviour on material microstructure, bulk phase properties and the wavelength of incoming radiation is paramount for modelling, design and optimisation of systems incorporating such media. Experimental and numerical techniques were combined to solve the homogenised radiative transfer equations using Monte Carlo ray tracing in the limit of geometrical optics. Effective radiative properties required by these equations were determined by Monte Carlo techniques using the exact 3D microstructures of the samples, obtained through high-resolution synchrotron computed tomography. This methodology is applied to a medium density carbon phenolic and a high density graphite reinforced polymer composite, each composed of semi-transparent solid and fluid phases. The extent of material decomposition is seen to affect the absorption behaviour of both samples. This effect is more obvious in the lower density carbon phenolic, where an 18% increase in absorptance is observed due to decomposition, compared to an increase of just 2% for the graphite. A library of absorption data is presented for use in continuum heat transfer modelling of similar chemically reacting macroporous carbon composites.
Introduction
Spacecraft employ composite materials as Thermal Protection Systems (TPS) to survive entering a planetary atmosphere at hypersonic speeds. Under intense convective and radiative heating from the surrounding shock layer, these composites decompose and erode, transferring heat away from the payload. Lower density TPS employing porous carbon phenolics have been considered in an attempt to reduce structural and fuel load and increase payload capacity.
Post-flight evaluation of the Stardust capsules forebody heat shield [1] as well as statistical modelling of TPS material microstructure [2] have recently confirmed the volumetric nature of ablation. In-depth oxidation leaves the carbon preform exposed to its extreme operating environment, where radiation becomes a significant (and eventually, dominant) mode of heat transfer [3] . The majority of the heavy carbonaceous molecules released during the break-down of the resin demonstrate semi-transparent behaviour and can significantly alter the radiative properties of the TPS. In order to evaluate the flight worthiness of these modern lightweight composites, it is imperative to fully understand their response to extreme conditions. Radiation within fibrous insulators has previously been accounted for in simplified or artificial porous geometries through the use of semi-analytical models [4e7] or by applying radiative transfer equations (RTEs) with appropriate apparent properties [8e10] . Recent advances in computational techniques allow for the incorporation of the exact morphology from 3D data obtained by imaging techniques such as computed tomography [11e13] . These investigations rely on volume averaging theory for the derivation of the homogenised RTEs [14e16] . The incorporated effective radiative properties can be obtained by using Monte Carlo methods, in the limit of geometrical optics [8] . The theory has been derived for multi-component media with semi-transparent homogeneous, isotropic single phases [14] .
To date computational applications have assumed two phases, either transparent and opaque [14] , or transparent and semi-transparent [16e18] . In a variety of applications however, there is a possibility of both phases being semi-transparent in the wavelength range of interest, or, for reacting media, during part of the reaction process [19] . The resulting macroscopic optical behaviour is dependent on the material microstructure, bulk properties of the phases and inter-phase characteristics. Incorporating this macroscopic optical behaviour into a coupled multi-physics computation or investigation requires detailed knowledge of the effect of the different phases and their properties on the overall optical behaviour.
This work aims to quantify the influence of the semi-transparent bulk phases on the macroscopic optical behaviour of a sample and to provide correlations based on single phase bulk material properties. These correlations are readily incorporated into macroscopic simulations. The effective properties, calculated by applying the discrete-scale approach to the real 3D geometries of the samples obtained by computed tomography, are used to derive continuum radiative properties for a semi-infinite slab of the material sample. The two-phase media considered are a medium density carbon phenolic ablator [20] and a high density graphite reinforced polymer ablator [21] , each comprised of semi-transparent fluid and solid phases.
Methodology
This study considers quasi-steady radiative transfer in a medium consisting of two semi-transparent phases. The phase compositions are dependent on the extent of reaction (i.e. decomposition): (i) initially the sample consists of solid fibres bound by thermoset resin and an air filled gas phase, and (ii) after the heterogeneous reactions, the solid phase comprises solely of the fibres and the gas phase contains a mixture of strongly attenuating pyrolysis gases and air. The equations for the assessment of radiative transfer, given in the next section, are solved using Monte Carlo ray tracing. The method is subject to the following assumptions: (i) both phases are homogeneous and isotropic; (ii) each phase has constant, nonpolarising optical properties; (iii) both phases are at local thermodynamic equilibrium; (iv) the characteristic length of each component is greater than the wavelengths of interest, validating the application of geometrical optics; (v) negligible diffraction; (vi) all components are at rest as compared to the speed of light and (vii) dependent-scattering effects are negligible. The main governing equations, derived by Lipi nski et al. [14] , are summarised in Section 2.1.
Governing equations and implementation
The quasi-steady homogenised RTEs for a multi-phase medium comprising of two semi-transparent phases are given by Equation (1) , where the spectral subscript has been omitted for brevity. This set of equations is derived from the discrete-scale RTEs valid in the individual phases and the corresponding inter-phase boundary conditions [14] . I i is the volume-averaged local intensity, I b;i is the volume-averaged blackbody intensity in vacuum, k i ; s s;ij ; F i;j are the effective absorption and scattering coefficients and the scattering phase functions respectively.
The effective properties, given in Equations (2) 
Simulations are conducted for 10 mm thick semi-infinite slabs, exposed to a diffuse beam parallel to the surface normal and a perfectly black boundary at the rear. Reflectance, R, is the integrated flux leaving the inlet surface and absorptance, A ¼ 1 À R À Tr, where Tr is the slab transmittance, i.e. the integrated flux leaving the outlet surface. The two-phase morphology associated properties are determined by direct pore-level simulations [8, 11, 22] applied to the real 3D geometries of the samples obtained by high resolution synchrotron computed tomography.
Composite sample morphology
To evaluate the feasibility of using the tomography-based approach for TPS materials, preliminary discrete-scale morphological and radiative characterisation of a highly porous alumina foam has been conducted, using low resolution, low flux tomography [23] . This investigation revealed several insufficiencies in the data quality, contrast and resolution, leading to difficulty in image segmentation. Higher beam energies and higher resolution were obtained via a campaign, conducted at the TOMCAT beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institute [24] . The data were collected using an 18 keV photon energy, an exposure time of 130 ms, and a microscope allowing for a spatial resolution of 0.33 mm resulting in a field of view of 2560 Â 2560 x 2160 pixels (845 Â 845 Â 713 mm 3 ). In composite materials, the resin phase typically presents nanometre sized structural characteristics. It is therefore likely that the 0.33 mm pixel size is not sufficient to resolve these structures. The chosen segmentation is therefore an approximation of the gas-resin phase morphology, within the limits of the resolution of the imaging technique.
To examine the effect of material decomposition, the gas phase, occupying the pore space, is artificially adapted via image segmentation to (i) include only the air phase (virgin case) and to (ii) include air and resin phases where the resin phase is assumed decomposed and comprises of highly attenuating pyrolysis gases (decomposed case). In both cases, one phase combines two separate components along with their bulk properties. This approximation avoids the use of a three-phase model. This is shown in 3D surface renderings of the carbon phenolic and graphite samples in Fig. 1a and 1b respectively. The front half each image portrays the material in its decomposed state, where complete gassification of the resin leaves a solid phase enveloped in attenuating gases. The back halves of the samples portray the virgin state, where the solid phase is made up of the fibres and thermoset resin. Fig. 1a and 1b are for illustrative purposes only. For all simulations, samples are considered either fully decomposed or virgin and do not possess a moving reaction front. The indices 1 and 2 are used for the gas and solid phase respectively.
The investigated samples show structural anisotropy. In order to reduce the complexity of results, which would have to be reported as a function of polar and azimuthal angles, direction-averaged properties were calculated.
Results

Morphological characterisation
Porosities are calculated by two-point correlations using a Monte Carlo method [25] . The porosity is seen to increase with decomposition (as expected due to resin outgassing) from 0.57 to 0.81 for the carbon phenolic and from 0.08 to 0.28 for the graphite sample. It is possible to evaluate the bulk material density of each sample via Equation (7), commonly used in literature to model charring ablators [26] . 
As an input to this equation, the resin phase is assumed to comprise of a combination of two polymers, with densities, r A ¼ 300 kg$m À3 and r B ¼ 900 kg$m À3 [27, 28] . The carbon fibre matrix has a density, r C ¼ 1600 kg$m À3 and G is the resin volume fraction and is said to equal to 0.5 and 0.1 for the carbon phenolic and graphite reinforced polymer composites respectively [27, 28] . By applying the porosities calculated based on the tomography data, it is possible to evaluate bulk densities (Table 1) for comparison with estimations given in literature [20, 21] . The calculated values fall within the range of densities given by the manufacturers, within the limits of uncertainty.
The normalised pore-size distribution based on mathematical opening distributions with spherical structuring elements [29] is presented in Fig. 2a . With all its resin reacted, the decomposed carbon phenolic sample shows the largest pores. Pore sizes increase very slightly with decomposition for the graphite sample. The The representative elementary volume edge length (l REV ), describing the smallest volume for which continuum can be assumed, is estimated based on porosity calculations on subsequently growing sample sub-volumes and is assumed sufficient when the solutions converge to the porosity within a band of ±0:025. The edge length of a cubic REV, l REV , for the four samples investigated are 0.11 mm, 0.17 mm, 0.16 mm and 0.15 mm respectively. For the discrete-scale calculations, a cubic sample of 0.27 mm edge length was used to ensure a constant domain size for all samples investigated, which lies well within the required REV size. All morphological characteristics and the reference size parameter, used if not otherwise indicated, are summarised in Table 1 . The reference size parameter (x ref ¼ pd pore =l) is based on the calculated mean pore diameter for a wavelength of 1 mm.
Effective radiative properties
Calculations of the effective radiative properties are performed for a combination of bulk properties at size parameters between 5 and 500, corresponding to wavelengths between 0.041 mm and 16.39 mm. Reflection and refraction are modelled by Fresnel's equations and the generalised form of Snell's law [30] at the specularly reflecting interfaces. Both phases are assumed to be semi-transparent, i.e. its bulk absorption and scattering coefficients, k d;i ; s d;s;i are equal to a non-zero value and its refractive indices do not equal 1. For cases such as the virgin graphite, where smallest pore diameters are on the order of the wavelength studied, wave effects estimated via Mie theory suggest values approximately 11% greater compared to those calculated using the current methodology based on geometrical optics. The assumption of independent scattering is confirmed using the criteria by Tien et al. [31] for the smallest observed size parameter, x ¼ 5 and a pore volume fraction of f v ¼ 0:08.
Extinction coefficient
The product of mean pore diameter and effective extinction coefficient, b 1 , of the air or reactive gas-filled pore phase for all four samples is plotted against the normalised bulk extinction coeffi- The higher density virgin and decomposed graphite samples show significantly more extinction in the morphologically dominated response.
Once b 1 d pore increases past a threshold ($ 10 À1 for both the carbon phenolic and graphite), internal radiation starts to contribute heavily to the effective properties in a directly Table 2 . (A colour version of this figure can be viewed online.) Table 2 Dependence of the effective extinction coefficient of the gas and solid phase on the discrete-scale extinction coefficient of the gas and solid phase, respectively. The functions have been obtained by fitting the calculated data points, indicated in Fig. 3 . shown in Fig. 3 . However, in this case, the volume fraction of the solid phase is the relevant characteristic morphological property, with decreasing effective extinction coefficient for an increase in solid volume fraction.
A set of semi-empirical linear curve fitting functions for the data presented in Fig. 3 , is presented in Table 2 . The curve fits can be used to estimate effective extinction coefficients of similar material samples and their corresponding changes with respect to reaction extent or wavelength (via changes in size parameter) by moving along the respective curve in Fig. 3 . These values hold true for any combination of wavelength and bulk material properties, both of which affect the bulk extinction coefficient.
Scattering
The normalised scattering coefficients s refl;s;i and s refr;s;i , are shown in Fig. 4a , as a function of the refractive index ratio (n 2 =n 1 ) for the virgin carbon phenolic sample at n 2 ¼ 1; 2; 3 and n 1 ¼ 1. With increasing refractive index ratio, the radiation scattered within a single phase (s refl;s;i ) increases and the radiation scattered from one phase to another (s refr;s;i ) decreases due to a combination of total internal reflection and increased directional hemispherical reflectivity of the interface. Morphology does not significantly affect the scattering coefficients as the decomposed sample exhibits identical behaviour as do both graphite samples. This is consistent with previous observations of the insensitivity of the scattering behaviour on the sample morphology [22] . No wavelength dependence is observed for the normalised scattering coefficients assuming the real part of the refractive index at a particular wavelength is given by the ratio indicated.
The scattering phase function is presented in Fig. 4b , as a function of the directional cosine of the scattering angle, m s ¼ cosðqÞ. The assumption of perfectly reversible interface behaviour for photons scattered at the outer or inner boundary produces identical inter-phase scattering functions (F refr;1 ¼ F refr;2 ). F refr;i show a peak in the forward direction, which becomes more pronounced with increasing ratio of refractive indices due to increased directional hemispherical reflectivity of the interface at a majority of incidence angles for n 2 =n 1 ¼ 3. The phase function, . Scattering due to reflection at the interface of the gas phase (F refl;1 ) has access to all scattering angles and the scattering behaviour is generally isotropic, with a small peak in the forward direction. For the solid phase (F refl;2 ), the phase function is flat in the forward direction, and rapidly approaches zero in the backward direction due to total internal reflection limiting angles below m s < 1 À 2m 2 refl;tot [22] . The forward scattering, highly anisotropic behaviour for F refl;2 is consistent with the work of Lee [6] for fibrous insulations. The curves shown in Fig. 4b are for the virgin carbon phenolic sample. However, no sensitivity of the effective scattering phase functions with respect to morphological differences or size parameter were observed and consequently these functions are valid for both samples in their virgin and decomposed states. Coefficients of the seventh order polynomial fit to the scattering phase functions are detailed in Table 3 . Along with the effective extinction coefficients calculated above, this scattering data can be supplied to the continuum-scale RTEs to accurately describe radiative heat exchange in two-phase media with known bulk material properties and of similar porosity to the samples considered in this paper. The RTEs can then be coupled to the energy equation and support the accurate solution of heat and mass transfer characteristics in complex macroporous reacting media.
Macroscopic optical properties
General solution
The dependency of absorptance on bulk extinction coefficient for each of the four investigated samples is shown in Fig. 5 (Fig. 5b, 5c and 5d) and b d;2 =b d;1 < 10 À2 , the decomposed carbon phenolic sample, which has the highest porosity of the four, shows the strongest absorptance and the high density virgin graphite sample shows the lowest absorptance. In this range the gas phase is dominating the absorption behaviour. The smaller b d;1 , the smaller this asymptotic absorption value. For increasing b d;2 =b d;1 ratios, the solid phase starts to also contribute to absorption, increasing the absorptivity. For cases with low gas phase bulk absorption (b d;1 l < 10 À2 ) as shown in Fig. 5c and 5d , the contribution of the solid phase becomes so significant that the absorptivity of the low porosity and high porosity sample cases cross and the virgin graphite sample, which has the lowest porosity of the four, shows the highest absorptance and the decomposed carbon phenolic sample shows the smallest absorptance.
This crossover is not visible for the cases with very large b d;1 ( Fig. 5a and 5b Fig. 5a and 5b, direct reflection at the inlet boundary is observed, but this time due to the gas phase where k 1 > 1. Absorptance is therefore inversely proportional to porosity, with the high porosity decomposed carbon phenolic displaying low absorptance. Highest absorptance is seen in the virgin graphite sample due to its low gas phase volume fraction.
For cases where b d;1 l ! 10 À5 , slab transmittance is always zero for all investigated samples due to large sample thickness coupled with the presence of highly attenuating bulk phases. Everything that is not absorbed, is therefore reflected. However, for b d;1 l 10 À5 , the virgin and decomposed graphite samples show up to 9% and 3% transmittance respectively, for the small values of b d;2 =b d;1 < 1, as shown in Fig. 6 . Due to the low volume fraction of the attenuating gas phase in both virgin and decomposed graphite, as well as extremely low solid phase bulk extinction coefficients, radiation is transmitted across the slab. The same phenomenon is insignificant (Tr < 0:005) for the carbon phenolic samples due to the increased presence of the gas phase.
Application to thermal protection systems
The data in Fig. 5 is usable for any two-phase medium with a porosity similar to the carbon phenolic or graphite samples. Here, the absorptance of a 10 mm thick slab of the investigated TPS materials is calculated. Lee [7] computed the bulk extinction coefficient for a carbon fibre matrix as 9000 m À1 while White [32] calculated the same from experimental measurements to be 7700 m À1 for a PICA material sample. Using a plasma radiation database, PARADE v3.2 [33] , gas phase absorption coefficients are calculated for an equilibrium mixture of pyrolysis products (given in Table 4 ) at 3000 K (decomposed case). In a wavelength range of 50e5500 nm, the spectrally averaged gas phase bulk absorption coefficient was estimated to be 10 5 m
À1
. For the virgin samples, gas phase absorption coefficient is assumed to be 10 m reflectance decreases from 0.24 to 0.06. Using the same ratios of bulk coefficients -on the assumption that the carbon fibre matrix would be similar, and any hydrocarbon based resin would decompose to form the same products at high temperaturesabsorptance in pyrolysing graphite increases from 0.82 to 0.84, while reflectance decreases from 0.18 to 0.14. Radiation is not transmitted across either sample for all extents of decomposition.
The change in macroscopic optical properties is more critical for the lower density carbon phenolic, compared to the higher density graphite. These findings are significant, especially given the desire to replace current TPS materials with ones of low to medium density.
Spectral dependence
The spectral dependence of absorptance for the four samples under consideration is presented in Fig. 7a , via evaluation at different size parameters 5 < x < 500, with n 2 =n 1 ¼ 2, k 2 =k 1 ¼ 0:01 for k 1 ¼ 7:958 Â 10 À2 and s s;d;i ¼ 0. The absorptance increases with size parameter due to the increasing bulk extinction coefficient (while keeping n 2 =n 1 , k 2 =k 1 and s d;s;i constant). At these size parameters, with the given value for k 1 , the gas phase exhibits opacity (b d;1 d pore > 1). The decomposed carbon phenolic sample, which has the highest porosity of the four samples, shows the strongest absorptance and the high density virgin graphite sample shows the lowest. For values of x below 50, a steep increase in absorptance, the rate of which is proportional to sample porosity, is observed. For x > 150, the absorptance attains a local asymptote.
A similar behaviour for the absorptance with respect to the size parameter is observed for k 1 ¼ 7:958 Â 10 À5 as shown in Fig. 7b . In this case, the gas phase extinction coefficient exhibits semitransparent behaviour at small size parameters (x < 500). At large size parameters, the gas phase exhibits opaque behaviour, resulting in the high porosity carbon phenolic sample exhibiting the highest absorptance. It can be seen that at values of x > 800, the curves start to cross over, following the same trends observed for k 1 ¼ 7:958 Â 10 À2 with the highest absorptance observed for highest porosity decomposed carbon phenolic. These curves are expected to asymptotically attain their local maxima at even higher size parameters. At a temperature of approximately 3000 K, the possibility exists for a TPS material's gas phase to attenuate strongly compared to its solid phase. If both phases are strongly absorbing, from Fig. 7a , it can be seen that the decomposed carbon phenolic composite would absorb approximately 88% of the incoming radiation at wavelengths in the near infrared and above (l ! 1.25 mm for x > 50). The decomposing graphite reinforced polymer composite would absorb less radiation at 81% due to the less absorbing solid phase making up the majority of its structure.
Scattering effects
The inclusion of scattering, by varying the scattering albedos of both phases, results in a significant change in sample absorptance. Calculated absorptances are plotted in Fig. 8 (Fig. 8a, 8b and 8c ), a decrease in absorptance for all samples with an increase in u d;1 is observed. Carbon fibres used in TPS materials are said to be highly scattering [7] , selected to help transfer heat away from the payload via re-radiation. From Fig. 8d , it can be seen that for lower wavelengths (x ¼ 500), slab absorptance is mainly based on sample porosity. The percentage of incoming radiation absorbed by the decomposed carbon phenolic sample remains constant at approximately 97% with variations in the solid phase scattering albedo (u d;2 ). However, with an increase in scattering, samples with lower porosities begin to reflect more incoming radiation. A large drop in absorptance is thus seen for the decomposing graphite reinforced polymer composite. At higher wavelengths (x ¼ 5), shown in Fig. 8a, 8b and 8c, absorption behaviour is affected grately by scattering in the gas phase in addition to the aforementioned variables. For a highly scattering gas phase, the decomposed carbon phenolic sample with the highest porosity reflects the largest amount of incoming radiation. Optimising a TPS for re-radiation behaviour therefore requires a compromise between density (porosity) and spectrally resolved scattering properties dependant on the relevant flight conditions.
The presented results can be used as a library of absorption and scattering data for a macroporous sample and be incorporated into any continuum modelling of chemically reacting media, such as a pyrolysing TPS material, gasifying biomass or oxidising fibres (assuming they have similar morphologies). The individual cells of the computational domain would have to be checked for the reaction convergence state or the composition of the pyrolysis gas at every time-step after which the radiative characteristics of the cell can be calculated and updated based on the given correlations. For example during atmospheric entry, the increasing reaction front in the TPS material results in time-dependent (decomposition extent), variable optical properties in the TPS through its thickness.
Conclusions
Accurate radiative modelling and characterisation of reacting carbonaceous macroporous media consisting of at least two semitransparent phases is essential for applications in the space, chemical and solar-thermal industries. A multi-scale methodology based on computed tomography and Monte Carlo ray tracing was used to determine the macroscopic optical properties of such samples. More specifically, the aim was to understand above which threshold individual bulk phase properties start to dominate overall absorption behaviour and the dependence of this dominance on sample morphology. Furthermore, the changes in optical properties during the decomposition of the carbonaceous samples were quantified. The analysis was applied to two thermal protection system material samples, a medium density carbon phenolic composite and a high density graphite reinforced polymer composite. The exact 3D morphologies of the materials' complex porous structures were recorded using high resolution synchrotron computed tomography with a spatial resolution of 0.33 mm. Once segmented, direct pore level simulations were used to determine the effective radiative properties, namely, the effective extinction and scattering coefficients and the scattering phase functions.
The volume averaged radiative transfer equations were then used to determine the overall reflectance, absorptance and transmittance of semi-infinite slabs of the TPS materials. The effect of wavelength on these properties was evaluated for a range of size parameters (5 < x < 1000) and the effect of scattering in the bulk phases was also evaluated (0 u d;1 1; 0 u d;2 1). Extent of material decomposition was seen to significantly affect the radiative behaviour of the TPS samples. Absorptance during decomposition increased from 0.76 to 0.94 for carbon phenolic and from 0.82 to 0.84 for graphite. Reflectance decreased from 0.24 to 0.06 and from 0.18 to 0.16 respectively. The increase in absorption was greater for the lower density carbon phenolic compared to the high density graphite reinforced polymer composite. This is a significant result, especially given the aim of replacing older, denser TPS materials with newer, more porous and lighter ones. Given knowledge of the bulk properties, the data presented can be incorporated in heat transfer calculations of macroporous media applied in the space or solar energy conversion domains, in order to quantify, design and optimise these applications.
